An inappropriate prosthetic fit could cause stress over the interface implant/bone. The objective of this study was to compare stresses transmitted to implants from frameworks cast using different materials and to investigate a possible correlation between vertical misfits and these stresses. Fifteen one-piece cast frameworks simulating bars for fixed prosthesis in a model with five implants were fabricated and arranged into three different groups according to the material used for casting: CP Ti (commercially pure titanium), Co-Cr (cobalt-chromium) or Ni-Cr-Ti (nickel-chromium-titanium) alloys. Each framework was installed over the metal model with all screws tightened to a 10 N cm torque and then, vertical misfits were measured using an optical microscope. The stresses transmitted to implants were measured using quantitative photoelastic analysis in values of maximum shear stress (t), when each framework was tightened to the photoelastic model to a 10 N cm standardized torque. Stress data were statistically analyzed using one-way ANOVA and Tukey's test and correlation tests were performed using Pearson's rank correlation (a¼ 0.05). Mean and standard deviation values of vertical misfit are presented for CP Ti (22.40 7 9.05 mm), mm) and Ni-Cr-Ti (32.20 7 24.47 mm).
Introduction
Osseointegration could be defined as the connection of a body to a living bone without soft tissue between them, causing direct load transmission to the anchorage bone (Brånemark, 1983) . The lack of periodontal ligament limits implant micro movements (Aparício, 1994; Weinberg, 1993) . Thus, inappropriate stresses can cause bone resorption once implants are stiffly integrated to the bone tissue (Renner, 2000; Riedy et al., 1997; Waskewicz et al., 1994) .
The load transmission to the implants, prosthesis and bone depends on several factors as the number and location of the implants (Karl et al., 2007; Ogawa et al., 2010; Sagat et al., 2010) , inclination of the implants (Bevilacqua et al., 2011; Markarian et al., 2007) , cantilever length (Bevilacqua et al., 2011) , stiffness of the metal framework (Abreu et al., 2010) , prosthesis marginal fit (Carr et al., 1996; Markarian et al., 2007; Winter et al., 2010) , prosthesis material (Ogawa et al., 2010) , extension of the prosthesis base and attachment systems (Sadowsky and Caputo, 2000) and occlusion pattern (Greco et al., 2009) .
Non-passive metal framework fixation to the abutments can transmit mechanical stress to the implant/bone interface whose biological response is not well known yet (Karl et al., 2006; O'Mahony et al., 2000; Waskewicz et al., 1994) . According to the literature, misfits can result in biomechanical complications such as, fracture of the components in the system, screw loosening, bone resorption, soft tissue alterations and even loss of osseointegration (Goodacre et al., 2003; Gratton et al., 2001; Jansen et al., 1997; Kan et al., 1999; Romero et al., 2000) .
However, there are no conclusive scientific reports about how much misfit between prosthetic components and implants can be clinically acceptable without causing complications in treatments (Hecker and Eckert, 2003; Jemt, 1996; Kan et al., 1999; Sahin and Cehreli, 2001; Taylor and Agar, 2002) . Photoelastic analysis has been used to measure stresses because of its simplicity and other advantages over purely mathematical methods, such as in cases of members having complicated geometry, complicated loading conditions, or both (Dally and Riley, 1978) . Its effectiveness has already been confirmed in histological studies (Brodsky et al., 1975) . However, studies that have evaluated stress in prosthesis attached to implants have been limited to qualitative analysis performance without administration of statistical tests (Markarian et al., 2007; Millington and Leung, 1995; Sadowsky and Caputo, 2000; Uludamar and Leung, 1996; Waskewicz et al., 1994) .
The objective of this study was to compare the stresses generated around the implants by frameworks cast using different materials and to search for a possible correlation between vertical misfits and stresses produced in the photoelastic material/implant interface using a quantitative method.
Materials and methods
This research was conducted using a metal model made in brass simulating the curve of a human mandible with five 3.75 mm Â 13 mm implants (Titamax, Neodent, Curitiba-PR, Brazil). Prefabricated abutments (Conical Mini Pilar, Neodent, Curitiba-PR, Brazil) were tightened to these implants, at a 20 N cm torque. The implants were labeled using the letters A, B, C, D and E in order to standardize the measurements, making data statistical analysis viable (Fig. 1) .
Specimen fabrication
A custom tray was fabricated and a polyether (Impregum Soft, 3M ESPE, Seefeld, Germany) impression was made using square abutments (Conical Mini Pilar Transfer, Neodent, Curitiba-PR, Brazil) to duplicate the metal model, as described in previous study (Torres et al., 2007) . The mold was poured to obtain a plaster cast (Durone V, Dentsply, Petró polis-RJ, Brazil). Fifteen similar frameworks were waxed using total calcinable copings (Conical Mini Pilar Cylinder Calcinable, Neodent, Curitiba-PR, Brazil) and 10 mm cantilevers were constructed in their free ends (Fig. 2) .
A passive fit test of the waxed frameworks was performed by manually tightening a screw at one end and assessing the fit at the other end. When there were misfits, the wax sticks were cut and joined again to melted wax to correct the inaccuracies.
The waxed frameworks were randomly divided into three groups of five in each one. Each group went through a casting process in the Discovery Plasma machine (EDG, São Carlos-SP, Brazil), using each one of the following materials: commercially pure titanium level I (CP Ti-Tritan, Dentaurum, Ispringen, Germany); cobaltchromium alloy (Co-Cr-Remanium 2000, Dentaurum, Ispringen, Germany); and nickel-chromium-titanium alloy (Ni-Cr-Ti-Tilite Premium, Talladium Inc., USA). This machine produces electric arc melting in a vacuum and argon-inert atmosphere, with injection of the alloy into the mold by vacuum pressure. All process runs automatically.
After the removal of the sprues, the frameworks were sandblasted with 100 mm aluminum oxide (Polidental, São Paulo-SP, Brazil). Small nodules were removed using high speed rotation tungsten burs under constant cooling. No polishing was performed to ensure uniformity of the frameworks.
Misfit evaluation
Vertical misfits were measured being the metal frameworks pressed on the metal model with all screws tightened to a 10 N cm torque, always following the tightening sequence proposed in other reports: C-B-D-A-E (Waskewicz et al., 1994; Watanabe et al., 2000) .
Vertical misfit measurements were performed with an optical microscope at 15 Â magnification and 1 mm of measurement accuracy (Nikon, Japan). An acrylic device was used to standardize the position of the metal model under the microscope. That device allowed the metal model turning, making all implants measurements possible (Fig. 3) . Three measurements were performed in both the buccal and the lingual aspects of each implant. The final result was an average of these six measurements per implant.
Stress analysis
Measurements of the stresses transmitted to implants were performed using a quantitative photoelastic method (Bernardes et al., 2009 ). The plaster cast was machined into a plane shape with uniform thickness in order to be reproduced in a photoelastic material. The plane shape of the photoelastic model was necessary to make quantitative analysis of the photoelastic fringes viable.
An impression from the machined plaster cast was made using blue silicone rubber (ABS-10, Polipox, São Paulo-SP, Brazil). For that, square abutments were adapted to the plaster cast and bounded with dental floss and acrylic resin (Pattern Resin LS, GC America Inc., USA). A wax sheet box (Cera 7, Probem, Catanduva-SP, Brazil) was constructed around the plaster cast, that was fixed to a rectangular base. The rubber was manipulated according to the manufacturer's guidelines and then it was carefully poured into the box until it had covered the square abutments, allowing only the last third of the screws to appear. After 24 h, the rubber was completely cured. The screws were then loosened and the silicone matrix was removed from the box and separated from the plaster cast (Fig. 4) .
Abutments and implants similar to the ones from the master model were attached to the square abutments in the rubber matrix. Photoelastic resin (Polipox, São Paulo-SP, Brazil) was manipulated according to the manufacturer's Fig. 1 . Implant identification in the metal model. guidelines and poured into the matrix carefully, avoiding bubble formation. Resin polymerization occurred at surface temperature, indoors, in forty-eight hours. After that, the screws of the square abutments were loosened and the photoelastic model was removed from the rubber matrix (Fig. 5) .
Each metal framework was tightened to the photoelastic model to a 10 N cm standardized torque, always following the tightening sequence C-B-D-A-E. A polariscope connected to a profile projector (Mitutoyo, Tokyo, Japan) was used to perform the photoelastic fringes analysis.
The photoelastic model was analyzed in the polariscope before each framework was attached to it. That was necessary in order to observe absence of stress in the photoelastic material, which was indicated by total absence of fringes. The model would be readily replaced if any residual stress had been noticed during the experiments.
The stresses were analyzed in four points in the medial and the distal regions of each implant. For standardizing the positions of these points, a grid printed in transparency paper was fixed to the screen of the polariscope. These points would correspond to areas of concentration of stress in the marginal bone crest. The grid had the implant profile design and a graph to identify the points (Fig. 6) .
Fringe values (N) were calculated for each point using Tardy's method of compensation (Bernardes et al., 2009; Dally and Riley, 1978) . The thickness of the photoelastic model (b) was 8 mm. The optical constant of the photoelastic resin (K) used in this study was 0.25 N/mm and such value was determined through calibration. Having obtained these data, the equation t¼KN/2b (Stress Optical Law) was used to calculate the maximum shear stress (t) for each point. The results were multiplied by 1000 to obtain the final values in kPa. Stress values were expressed by the mean of maximum shear stress (t) values obtained for the four points measured around each implant.
Statistical analysis
All data included in this study were tested regarding normality through the Kolmogorov-Smirnov method. The stress data were statistically evaluated using oneway ANOVA and Tukey's test (a¼ 0.05). Pearson's rank correlation was used to test possible correlations between vertical misfits and stresses (a¼ 0.05). All statistical tests were performed with SPSS for Windows 12.0 (SPSS Inc., Chicago, IL, USA). Table 1 shows a simplified visualization of the mean and standard deviation values of all data obtained in this study.
Results
There were statistical significant differences between stress data (p ¼0.006). The stresses generated by Co-Cr were significantly different from and higher than those generated by CP Ti (p ¼0.018) and Ni-Cr-Ti (p ¼0.011) frameworks, which were similar (p ¼0.982). Table 2 shows results from the correlation tests performed between stresses generated by the frameworks and vertical misfit values. Correlations were not statistically significant as for any materials used.
Discussion
Photoelastic analysis is a technique for the transformation of internal stress into visible light patterns. It depends on the operator's interpretation (Brodsky et al., 1975) . Therefore, it is clear that only a qualitative analysis is very subjective. The combination of mathematical formulas with photoelasticity, as done in this study through Tardy's method, made it possible to quantify the maximum shear stress (t) values (Bernardes et al., 2009; Dally and Riley, 1978) . These values were indispensable to correlation tests between vertical misfits and stress data.
Vertical misfits were measured in the metal model and not in the photoelastic model because of the necessity of knowing 
Table 2
Results from correlation tests between the vertical misfits and stresses around the implants with different types of materials analyzed. exactly how big the misfits presented were. Because the metal model had high elastic modulus (E¼1103 MPa-manufacturer information), it could sustain insignificant deformation. Therefore, it could be assumed that the misfits measured really existed. On the other hand, if frameworks had been installed on the photoelastic model to measure misfits, the resin could sustain significant deformation and the misfit values might be not real. Formerly, the present research compared the maximum shear stresses transmitted to implants from non-passive frameworks cast in different materials. Co-Cr alloy transmitted more stress to the implants than CP Ti and Ni-Cr-Ti alloy. It could be explained because Co-Cr alloy is very stiff (E¼200,000 MPa-manufacturer information) compared with the others materials (CP Ti, E¼100,000 MPa and Ni-Cr-Ti, E¼ $689 MPa-manufacturer information). Other studies have showed the influence of metal bar stiffness on the stress distribution in the periimplant bone tissue. According to Abreu et al. (2010) , the different bar materials with vertical misfit simulated showed a large influence on the stress levels in the bar framework, screw and implant. A lower elastic modulus decreased the stress levels, as observed in the present study.
A positive relationship between magnitude and location of the framework misfit and the magnitude of stress on it has been showed (Abreu et al., 2010; Millington and Leung, 1995; Uludamar and Leung, 1996) . However, Abreu et al. (2010) concluded that the different bar materials had no considerable influence on the stress levels in the periimplant bone tissue and implant neck. This is in agreement with the present study, once correlations between vertical misfits and stresses around the implants were not significant as for any materials evaluated.
A longitudinal study did not also find statistical correlation between prosthetic misfit and marginal bone loss. The authors found that an average misfit of 111 mm resulted in an average marginal bone loss of 0.5 mm. On the other hand, an average marginal bone loss of 0.2 mm resulted from an average misfit of 91 mm. They noticed that after many years the implants were stable, which suggested that some biological tolerance to prosthetic misfits is possible (Jemt and Book, 1996) . Karl et al. (2006) reported that a certain level of misfit seems to be tolerated by the bone in a finite element analysis performed. These finds reinforce the assumptions of the present study that there are no strong correlations between framework misfit and stress in implant/ bone interface.
An inappropriate torque could adulterate the marginal misfit results (Cheshire and Hobkirk, 1996; Goossens and Herbst, 2003; Gratton et al., 2001) . Therefore, the present study evaluated vertical misfit with all screws tightened to a 10 N cm torque. Misfits and stresses were not evaluated as a function of implant position. A possible influence of the misfit location over the stress generated on implants has not been showed. In a finite element model study with two implants and a framework with misfits in one of these implants, Winter et al. (2010) concluded that vertical and horizontal misfits led to comparable loading patterns around both supporting implants. Markarian et al. (2007) showed that stress around all the implants increased when a vertical misfit was present in the central implant of three-unit fixed frameworks.
The present study was designed for implant-supported fixed denture. The authors assume that implants should be evaluated together and not individually respecting the mechanical properties of a multi-implant design. Karl et al. (2007) found comparable strain levels magnitude for both three-and five-unit implant frameworks and concluded that although long-span prostheses may possess greater inaccuracy as a result of the fabrication process compared to short-span prostheses, this shortcoming seems to be compensated by the mechanical properties of a fixed denture.
A standardized screw tightening sequence was used (C-B-D-A-E) in the present study, so that the framework could be fixed to the abutments from the center to the sides. This sequence was used based on previous studies (Waskewicz et al., 1994; Watanabe et al., 2000) . They showed that the stress generated on the implants did not change much when the screw tightening sequence was changed; however, the initial tightening of the middle screw, as done in this study, could distribute more evenly the stress on the distal implants.
Considering that the photoelastic analysis and the measurement test of vertical misfit were performed under similar experimental conditions, with all the screws tightened to a 10 N cm torque, some correlation between these values could be expected. However, this was not confirmed as for any materials used. It could be resulted from the limitations of the photoelastic analysis or because the misfits were observed only in the vertical direction. Thus, more studies are necessary to support these findings.
Besides, it is important to point out that the present study was performed without applying a load to the frameworks; and it was purposely, so that the stresses observed were only due to the existing misfits. There is some scientific evidence that the fit of prosthesis on implants can be changed by cyclic load application (Hecker and Eckert, 2003) . So, it is possible to suggest that if chewing loads were added to the misfits found in this study, an inappropriate load distribution and higher levels of stress could be expected in the photoelastic material/implant interface.
All frameworks evaluated in this study generated stresses around the implants, no matter what metal or alloy was used. These findings reinforce that adjustments to achieve passive fit can be necessary in one-piece castings of multiple-unit implant frameworks (Torres et al., 2007) . Besides that, they highlight the need for more studies to evaluate changes in the tissue biological response and prosthetic complications associated with possible correlations between prosthetic misfits and stresses on bone/ implant interface.
